The GH/IGF1 system, like other endocrine systems, is dynamic and its activity changes with age and sexual maturation, and is influenced by body composition and other factors. A normal level of IGF1 does not exclude a diagnosis of GH deficiency (GHD) in adults, and the usefulness of IGF1 in the diagnosis of adult GHD has historically been confusing and contentious. The regulation of IGF1 secretion in adults is complex, and is not solely dependent on GH status with factors recognized to influence IGF1 status in patients with GHD including age, gender, exogenous estrogen therapy, prolactin status, and severity of GHD. The usefulness of IGF1 for monitoring treatment of GH disorders in adulthood is now widely accepted, especially as GH-dosing regimens for GHD have evolved from weight-based dosing (associated with overtreatment and side effects) to individualized dose-titration strategies, which maintain IGF1 within target limits. Sub-optimal replacement therapy may be associated with morbidity and mortality risk from a continuing state of functional GHD. Conversely, avoiding iatrogenic biochemical acromegaly is clearly important and other potential safety issues may be associated with a persistently high IGF1. Analysis and interpretation of IGF1 status therefore represent a useful diagnostic tool especially in the younger adult patients with severe GHD and an essential measurement for monitoring GH replacement in all adults with GHD. High-quality, methodspecific reference ranges for IGF1 and a high degree of methodological consistency in the assay are essential for reliable comparison of results.
Introduction
The importance of GH for longitudinal growth in childhood has been widely recognized since the middle of the 20th century, but its physiological effects in adults were not widely considered until the introduction of recombinant human GH (1) , which became widely available in the middle of the 1980s and provided an opportunity for more detailed study of the effects of GH in adults.
In adult life, physiologically, GH acts both directly through its own receptor and indirectly through the induced production of insulin-like growth factor 1 (IGF1). IGF1 is synthesized both in the liver and in the periphery, and is an important mediator of GH actions. It circulates bound to a number of different proteins of which IGF-binding protein-3 (IGFBP-3) is the most important. The changes in IGF1 levels throughout life are similar to those of GH. With the onset of puberty, there is a two-to three-fold rise in serum IGF1 concentration followed by a decline such that average adult levels are reached by the early twenties, and thereafter follows a gradual decline with advancing age (2) . Thus, in the adult patient investigated for possible GH deficiency (GHD), serum IGF1 measurements can only be interpreted if decade-based normative data are available.
The existence of GHD as a discrete clinical entity in adults became widely recognized 20 years ago (3, 4) . In adult life, GHD is associated with wide-varying biological features, which consist of adverse metabolic parameters, abnormal body composition, an adverse cardiovascular risk profile, reduced bone mineral density (BMD), and impairment in quality of life (QOL) (5) . However, unlike GHD in childhood in which growth velocity represents a single objective and widely used diagnostic biological marker, in adult GHD there is no single biological marker able to offer similar diagnostic usefulness.
It is apparent that the GH/IGF1 system, like other endocrine systems, is a dynamic one, the activity of which changes with age and sexual maturation, and is influenced by body composition and other factors. Clearly, it is not possible to recreate normal physiology with a single, daily s.c. injection of GH, so the general goal of treatment of GHD is correction of the associated clinical syndrome within appropriate safety limits.
Diagnosis of GHD
GH is secreted in an episodic manner, which is modified by age and sex. Because of this pulsatile secretion, a series of multiple GH samples over 24 h most accurately reflect GH status, but this is not practical as a diagnostic procedure in clinical practice. For this reason, current diagnostic testing generally involves provocative tests of GH secretion, although some of these tests have reduced specificity and others have safety issues under some circumstances (6) .
In adult patients with known pituitary disease, the presence and severity of GHD are related to the number of additional pituitary hormone deficits (7, 8) . Several studies involving panhypopituitary patients have shown that under certain circumstances, GH stimulation tests may be unnecessary to diagnose adult GHD (7, 9, 10) .
Having normal levels of IGF1 and IGFBP-3 does not exclude a diagnosis of GHD in adults (9, (11) (12) (13) . Because of this observation, the perceived role of IGF1 estimation in the diagnosis of adult GHD has been confusing and contentious. Indeed, the regulation of IGF1 secretion in adults is complex and is not solely dependent on GH status. A considerable overlap exists for IGF1 levels between normal subjects and those with GHD (12, (14) (15) (16) (17) . This overlap remains apparent even among patients with the most severe degree of GHD identified by provocative tests of GH secretion or the number of additional pituitary hormone deficits (17) . Therefore, although IGF1 levels may be reduced in patients with GHD, IGF1 has not widely been viewed as a reliable marker for the diagnosis of GHD. However, IGF1 can be of some diagnostic assistance if levels are below the age-adjusted normal range and if factors known to lower IGF1 levels, such as liver disease (18) and starvation (19) , are taken into consideration.
Recognized factors influencing IGF1 status in GHD patients include age (20) , gender (13, (21) (22) (23) (24) (25) (26) , exogenous estrogen therapy (27) , and prolactin status (28) .
At least some of the disparity between studies of IGF1 levels in GHD adults is explained by the timing of the onset of GHD. In an early study, Hoffman et al. (12) found that 70% of IGF1 values in adult-onset GHD patients, mean age 45 years, were within the range of normal subjects even allowing for the effects of age. DeBoer et al. (29) focused on childhood-onset GHD and re-evaluated GH status in 89 young adult males who had previously received GH replacement in childhood. Approximately 93% of the patients had an IGF1 level below the normal range. Attanasio et al. pursued the same theme in a study of 74 childhood-onset and 99 adult-onset GHD patients, and concluded that there are profound differences between these two forms of GHD with serum IGF1 levels significantly lower in childhoodonset than adult-onset GHD patients (30) . In these studies, however, it was not clear whether sufficient decade-based normative data were available or whether the severity of GHD was equal in the childhood-onset and adult-onset groups. Thus, apart from the potential impact of the timing of onset of GHD, it is possible that the severity of GHD influenced the interpretation of IGF1 results. Lissett et al. subsequently studied age-adjusted IGF1 SDS in a large cohort of GHD adults from the KIMS database to investigate determinants of IGF1 status and in particular to examine whether a true difference existed between subjects who developed GHD in adult life (AO), and those who developed GHD in childhood (CO) (31) . In this study, 1317 patients (1073 with AO GHD and 244 with CO GHD) were included. A total of 86% of patients were with CO GHD, but only 52% of patients with AO GHD had IGF1 SDS below K2 SDS. The CO cohort had a significantly lower IGF1 SDS (K4.69 vs K2.24, P!0.0001) and a smaller body mass index (BMI; 26.6 vs 28.6 kg/m 2 , P!0.0001) than the AO cohort. In a stepwise multiple linear regression, age at onset of GHD was the most important determinant of IGF1 SDS, contributing 17% towards the variability of IGF1 SDS. Timing of onset, gender, BMI and number of pituitary hormone deficiencies other than GHD were also significant determinants of IGF1 SDS. This study demonstrated that age at onset of GHD was the most important determinant of IGF1 SDS, individuals with CO GHD had IGF1 values on average 1.43 SDS lower than those with AO GHD, all other factors being equal (31) .
In line with the previous observations, IGF1 estimation therefore appears to offer relatively little diagnostic value in the elderly with suspected GHD. Despite group differences, overlap between patients over age 60 years with organic GHD and controls is considerable, with only 21% of elderly GH-deficient patients having a serum IGF1 level below the range found in the elderly controls (15) .
In one study, the presence of three or more other deficits, together with a below normal serum IGF1 level, was demonstrated to be a predictor as specific as the GH provocative tests employed (9) . It has been recommended that in this specific context, it is reasonable to omit GH provocative tests, provided that nonGHDrelated causes of a low IGF1 have been excluded (6) .
Dosing schedules and monitoring
Although IGF1 has not been considered as a systematically reliable marker for the diagnosis of GHD, its usefulness for monitoring GH replacement in adult patients with GHD is now widely accepted. For this purpose, the literature to date suggests that IGF1 is a better marker than IGFBP-3 or the acid-labile subunit (32) . In untreated GHD adults, basal IGF1 levels are lower in females than in males (13) . The therapeutic GH dose required to achieve target IGF1 levels is higher in females, suggesting a pivotal role of estrogens www.eje-online.org on GH requirement in GH-deficient adults (22) . Furthermore, the route of administration of estrogen is a determinant of IGF1 levels in hypogonadal GHD females, and higher IGF1 levels are achieved at lower GH dosing in women treated with transdermal estrogens (33, 34) .
The potential improvement of several adverse features of the adult GHD syndrome with GH therapy means that changes in these endpoints can be used as clinical indicators of GH efficacy during replacement therapy.
During the initial double-blind placebo-controlled trials of GH replacement, and in the immediate period after its license for use in adults, it was thought, by analogy with pediatric practice, that clinical monitoring would be sufficient and that markers such as body composition would simply substitute for linear growth. Early GH dosing in adults was therefore adopted arbitrarily from pediatric practice with fixed dose regimens, but this approach caused high rates of adverse effects associated with pathologically elevated IGF1 levels. Subsequent data demonstrated that adults are generally much more susceptible to the side effects of GH excess than children, even at doses achieving similar IGF1 responses (24, 35, 36) .
With time and shared clinical experience, from a combination of placebo-controlled studies (both single and multicenter) and information collected through international outcomes-based multicenter research databases, it became apparent that individual responsiveness to GH is highly variable and that the dose needs to be adjusted to suit each individual patient. This, in turn, is accomplished using a combination of tolerability (i.e. the occurrence of side effects), clinical response, and measurement of biochemical indices of GH action.
Dosing regimens subsequently evolved from weightbased dosing to individualized dose-titration strategies. Two studies that formally compared these dosing approaches found that adverse effects were less than half as frequent in the dose-titration group as in the weight-based dosing group, and the final maintenance doses were somewhat lower in the dose-titration group than in the weight-based dosing group (36, 37) . A recent study has clarified this by producing 10-year demographic, efficacy, and safety data for GH-replaced GHD adults (38) . This study spanned through the two different dosing regimens with dosing based primarily on weight at the beginning of the study, but this evolved exclusively into dose-titration by the end of data collection. The mean GH dose was reduced during the time of data collection to less than half the original dose (0.98-0.47 mg/day), but the mean IGF1 level remained significantly higher, within physiological limits, than baseline (38) . This study clearly demonstrated the change in practice over time with a current focus on individualized dosing using IGF1 monitoring as the primary biochemical safety check.
Optimization
During GH replacement therapy in adults with GHD, IGF1 monitoring is now therefore used to aid dosetitration, in order to minimize the risk of overtreatment. However, targeting IGF1 levels broadly to within the normal age-related reference range during treatment of GHD in adults does not preclude the presence of a functional GHD state with, in effect, relative underreplacement for that individual. Therefore, careful consideration of factors influencing IGF1 levels in adults is crucially important in order to interpret IGF1 levels, infer GH status appropriately, and ultimately provide the adult GHD patient with the best possible approach to management. The relationship between IGF1 and GH in adults is complex, and IGF1 levels are not solely dependent on GH. A wide variation in IGF1 levels occurs with age and gender in healthy adults (39) . A large overlap exists for IGF1 levels between patients with severe AO GHD and normal subjects (13) . Discordance of IGF1 SDS exists between GHD males and females of similar ages (13, 17, (21) (22) (23) (24) (25) (26) , but this is notably different from the situation in normal adults (40) (41) (42) (43) . The relationship between GH and IGF1 in normal adults is influenced by gender, which may be explained partly by a difference in GH-secretory dynamics (42) . It has been demonstrated that at similar IGF1 levels, females secrete three times more GH than males (42) . As normal GH secretory physiology differs between genders, a paradox is apparent as GHD diagnostic criteria are not gender specific. Similarly, the widely accepted diagnostic threshold for GHD after provocation testing does not take account of increasing age. It may be inferred that diagnostic criteria for GHD may be more 'strict' in females and young adults, and more 'lenient' in males and the elderly, which may be a contributory factor to the difference in IGF1 levels between these groups. Currently, however, it is not possible to deduce for which of these groups the GHD diagnostic criteria are most biologically appropriate. In a large study by Brabant et al. the GH peak during insulin tolerance test (ITT) was positively related to IGF1 level suggesting that GHD patients with low IGF1 levels have more severe GHD than those with normal IGF1 levels (44) . This proposition has therapeutic implications and has also been suggested by others (28) .
The factors discussed above all contribute to and illustrate the complexity of interpretation of IGF1 levels in adult GHD, and iterate the fact that optimization of GH replacement in adults is by no means a straightforward concept. Nonetheless, the importance of the generation of a framework to enable safe and logical targeting of IGF1 levels during the treatment of adult GHD should not be underestimated; sub-optimal replacement therapy may be associated with unresolved morbidity and increased mortality risk from a continuing state of functional GHD. In an attempt to investigate and quantify this risk, a novel study utilized baseline IGF1 data from the KIMS database (17) . This large study included only GHD adults with three or more anterior pituitary hormone deficits (including GHD), therefore reflecting the most severe GHD adults (15) . It stratified IGF1 values by age and gender in decade-based age ranges, and demonstrated that age-and genderrelated IGF1 SDS upper percentiles in GHD patients were almost exclusively limited to the lower half of the normal age-related range. The study highlighted a range of IGF1 values that were higher than those found in untreated GHD with high sensitivity (Fig. 1) (17) , while underlining the need for interpretation of IGF1 SDS based on the factors discussed above. These data were proposed for use during GH dose-titration for GHD patients who do not respond clinically to a conventional therapeutic trial of GH replacement, especially if the IGF1 level has remained below the 95th percentile for functional GHD and could equally be used conversely during treatment of acromegaly with a GH receptor antagonist when GH levels are also uninterpretable (17) . These data may be considered even more important in light of a recent study demonstrating an association between low IGF1 levels and increased all cause and cardiovascular mortality in general populations (45) .
Safety
The relatively recent advent of unlimited supplies of recombinant human GH and its use for the treatment of AO GHD means that long-term outcome data regarding the effects of an elevated level of serum IGF1 in hypopituitarism are not yet available, although the large databases permit the identification of subtle trends regarding individual susceptibility, together with early detection of important safety issues that may not be possible from a single center or even a single country (46) .
In the absence of such outcome information, indirect evidence must be extrapolated from clinical experience in the treatment of acromegaly, a condition known to be associated with excess morbidity and mortality (47) , chiefly from cardiovascular causes and presumed to be on account of the associated insulin resistance, hypertension, and characteristic cardiomyopathy. The argument for the avoidance of pharmacological doses of GH would appear strong. Recent reports, both from a single center and from an international study, of the effect of more physiological doses of GH in hypopituitary adults are reassuring (48, 49) .
Avoiding iatrogenic biochemical acromegaly is clearly important, but other potential safety issues exist. Considerable epidemiological data have suggested a possible link between circulating GH and/or IGF1 levels and the development of a variety of different cancers in the general population.
Multiple studies have now shown that within a normal population, high-normal rather than lownormal levels of IGF1 identify people at higher risk of subsequently developing breast, prostate, and colon cancer (50) (51) (52) . In these studies, high-normal levels of serum or plasma IGF1 with low-normal levels of IGFBP-3 identified subjects at higher risk of developing cancer.
A systematic review and meta-regression analysis were carried out to identify epidemiological casecontrol studies, including studies nested in cohorts, investigating the association between concentrations of IGF1 and IGFBP-3 and prostate, colorectal, premenopausal and postmenopausal breast, and lung cancer (53) . The studies included in this analysis had to be published as full-article findings expressed as odds ratios with 95% confidence interval, CI, and had to report an association for at least three categories of peptide concentration. Methodological quality was assessed by the use of published criteria for observational studies. Out of 139 relevant publications identified, 21 studies (26 datasets) comprised of 3609 cases and 7137 controls had outcome data appropriate for inclusion in the meta-analysis.
High-normal concentrations of IGF1 were associated with a twofold increased risk in prostate cancer (PZ0.009), colorectal cancer (PZ0.09), and premenopausal breast cancer (PZ0.007), but not postmenopausal breast cancer or lung cancer. IGFBP-3 was associated positively with an increased risk in premenopausal breast cancer (PZ0.05).
Mutual adjustment for IGF1 and IGFBP-3 did not appear to affect results. Previous narrative reviews have tended to highlight positive associations with IGF1 and inverse associations with IGFBP-3 and quote three-to four-fold increases in cancer risk. The authors of the systematic review and meta-regression analysis of overall cancer risk suggest that the increased cancer risk is real, but the extent has been exaggerated (53) .
Assays
Analysis and interpretation of IGF1 levels therefore represent a useful diagnostic tool and an essential follow-up tool in GHD and other GH-related disorders.
Immunoassays that measure circulating concentrations of IGF1 are widely used for monitoring during GH replacement and increasingly used to diagnose GHD in conjunction with other parameters. While techniques for measuring IGF1 have evolved over the decades, immunoassays are still the primary tool used in routine laboratories. Immunoassays depend on the interaction between antibodies and the analyte, and all factors that modify the accessibility of the epitopes recognized by the antibodies can influence results. With IGF1 assays, interference from binding proteins is an important variable affecting assay results. It is generally accepted that assay-and age-specific reference ranges are mandatory for meaningful interpretation of IGF1 concentrations.
Age-and sex-specific reference values based on a large population and valid for different laboratories were established by Brabant et al. for the automated chemiluminescence immunoassay Nichols Advantage in 2003 (39) . Later data have shown that reference values established for the chemiluminescence assay are also applicable for the ELISA (DSL-10-2800) (54) . However, although the precision of IGF1 assays has improved over the last decade, the lack of standardization of IGF1 assay methodology remains a limitation (55, 56) .
The large inter-and intra-assay variation in IGF1 remains a problem and limits the applicability of international consensus criteria to local practice. Furthermore, high-quality, method-specific reference ranges and a high degree of methodological consistency in the assay are essential for reliable comparison of results across studies and for long-term monitoring of individual patients. Established reference values can only be used for assay results from different laboratories, provided that the systematic difference between assay systems is low. In practice, individual reference values are desirable as this is not often the case.
Summary and future direction
Analysis and interpretation of IGF1 have emerged as a useful diagnostic tool and an essential follow-up tool for the management of adults with GHD. It is also important in the context of monitoring treatment for acromegaly (17, 57, 58 ). An association between high IGF1 levels and cancer risk appears genuine (53) , and the ability of IGF1 levels to favor survival of genetically damaged cells is clear-cut (59) . Recent data have suggested that low IGF1 levels in the context of GHD and normal populations are associated with increased vascular risk and adverse cardiovascular and cancer mortality (45) . The compelling need for careful interpretation of IGF1 data and the requirement for optimization of IGF1 status emphasize the greater importance of robust and reliable IGF1 assays and targeting IGF1 levels during GH replacement and other GH disorders appropriately (17) .
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